Invited paper presented at Sixth International Workshop on Defect Production, Accumulation and Materials Performance in Irradiation Environment, October 2-8, 1996, Davos, Switzerland.
To be submitted in the Workshop Proceedings Journal of Nuclear Materials.
Portions of this document ximy be iiiegiile in electronic image products. Images are produced from the best avaiiable original dot!uxnenL
. Introduction
Melting of a crystalline solid to a liquid is the most common and probably one of the most extensively studied phase transformations. Another phase transformation that produces a noncrystalline final state is solid-state amorphization. While the common link between the liquid and amovhous phases as noncrystalline states has long been recognized, the many similarities in the processes of heat-induced melting and solid-state amorphization have only recently been recognized [ 1, 2] . Fundamental studies of radiation-driven crystalline-to-amorphous (c-a) transformations, which occur during ion implantation, ion-beam mixing, and, particularly, electron-, and ion-irradiation of intermetallic compounds 13-51, have led to a deeper understanding of the connection between c-a transition and melting. Early irradiation experiments on the ordered compound Zr3Al revealed a number of thermodynamic parallels between these two disordering processes [2, 5] . Of particular significance was the discovery that the gradual destruction of chemical long-range order precedes the onset of amorphization, and that the disordering is accompanied by a large (-50%) decrease in the average shear modulus. This decrease is comparable in magnitude to the isobaric shear elastic softening associated with the heating to melting of many crystalline materials [6] . Subsequent investigations on other intermetallic compounds showed that the large disorder-induced softening is a characteristic precursor effect of c-a transformations [2,5-lo] . Indeed, the melting temperatures of materials generally scale with the shear elastic constants [ll] so that one can expect the melting temperature of a crystal to decrease with increasing amount of static atomic disorder. It is the purpose of the present paper to focus on this connection between atomic displacements and elastic softening which underlies many of the thermodynamic parallels between heat-induced melting and defect-induced amorphization. 
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T / T~ = < pvib > / < p h >. Hence, within the framework of the generalized Lindemann melting criterion, the effect of static atomic disorder on the average shear modulus at constant temperature is identical to that of increasing temperature at constant pressure. Consequently, a single curve should be obtained for both isothermal disordering and isobaric heating when Gd/G, is plotted as a function of the total mean-square displacement, < p& > = < pza > + < p&, >. It is interesting to note that this equivalence in the effects of heating and static atomic disorder on elastic properties reflects, to first order, their equivalent effects on the intensity of Bragg peaks in x-ray and electron diffraction patterns [21] .
The real significance of this new conceptual approach to defect-induced amorphization is that it depends on the magnitude of < p : b >, but not on how the static atomic displacements are produced. Hence, < p& > can be a measure of the concentration of misfiting solute atoms in an alloy, the concentration of Frenkel pairs or antisite defects in irradiated materials, the dislocation density in deforrned materials, and even the stress level in strained crystals. In the case of antisite defects in ordered binary compounds, < p: u > is a linear function of the mean-square chemical disorder defined by ( 1 -q2), where q is the Bragg-Williams long-range order parameter [221.
Moreover, the concept of disorder-induced melting is not limited to homogeneous defect structures but is applicable to heterogeneous defect structures such as polycrystals where < psu > is a direct measure of inverse grain size (23), and to highly-strained crack tip regions of crystal where 2 < psta > provides a measure of stress level (24).
Themdynamic and kinetic aspects of mrphization
As shown schematically by Figs. l a and b, the generalized Lindemann melting criterion implies that it is thermodynamically possible for a sufficiently disordered crystal to undergo a disorder-induced melting process at any temperature below the thermodynamic melting temperature TO, of the perfect crystal. In practice, however, disorder-induced melting will only be observable at tempexatures below the glass transition temperature T, where diffusional-relaxation processes in both the crystalline and amorphous phases are sufficiently slow to allow the buildup of the critical damage level required to drive the c-a transformation and, once formed, to prevent recrystallization of the amorphous phase. This kinetic constraint, T I T,, is consistent with the thermodynamic criterion for amorphization since a thermodynamic driving force exits only for metastable crystalline states that have free energies equal to or higher than that of the amorphous phase. As illustrated in Fig. la Furthermore, in agreement with experimental observations on ion-irradiated Zr3Al [2, 5] , the average shear modulus of the crystalline compound decreases by about 50% prior to the onset of amorphization.
Another verification of the generalized Lindemann melting criterion via MD simulations of defect-induced amorphization is shown in Fig. 3 for the intermetallic compound N Z r 2 In contrast to CuTi, NiZrz can be amorphized by either Frenkel pairs or antisite defects [15] . In addition to changes in AE/N and Gd, the variation in the long-range order parameter q is shown. The The values of Gd calculated for the NiZr2 and FeTi compounds [ 1 5 3 11 are plotted in Fig. 4 as a function of change in the relative mean-square dispersion in the nearest-neighbor distance, 88 = (< &j > / < RZ > -< LUX$ > / < R$ >). Here, <Rd> and <R,> are the mean nearestneighbor distances in the damaged (or heated) and reference (defect-free) crystals, respectively, and the mean-square dispersion in the nearest-neighbor distance, < AR2 > , is calculated by
where N is the total number of atoms in the system and cR(i)> is the mean distance between atom i and its nearest neighbors, defined as with rJz being the number of all nearest neighbors of atom i, and r J j ) the distance from atom i to its nearest neighbor j. The calculations of 6; were carried out using the molecular dynamics output generated previously [ 15,311; however, the present calculational procedure, via eqs. < pmt > since 6d is proportional to < p,ib >, as shown in Fig. 5 for the case of isobaric heating.
The linear dependence is consistent with eqs. (5) and (6), and the finding that isothermal amorphization and isobaric melting occur whenever 6; reaches a critical value provides a direct confirmation of the generalized Lindemann melting criterion.
The dependence of the Debye temperature €Id, determined from the average shear modulus Gd, on damage dose (dpa or epa) is shown in Fig. 6 
Experimental observations
One of the strongest experimental supports of the generalized Lindemann melting criterion is provided by Brillouin scattering study on ion-bombarded Zr3Al [2] which showed that, during irradiation, the onset of amorphization occurred when the average sound velocity in the defective compound became equal to that in the amorphous phase. Since the average sound velocity is proportional to the square root of the average shear modulus, Gd [20] , this equality confirms the validity of eq. (7) which predicts that the enthalpy difference between the amorphous phase and the defective crystal vanishes when their average shear moduli, as measured by Debye temperatures, become equd. Furthermore, the square of the average sound velocity in the defective crystalline compound was a linearly decreasing function of (1 -11 ) and, hence, of < p : & pre-doping of one of these compounds, Zr3Al [45] , with small amounts of hydrogen caused a twenty-fold reduction in the electron dose necessary to amorphize the compound. Indeed, hydrogen pre-doping introduces additional static displacements which reduce the contribution from radiation-generated defects necessary to induce the amorphizing transformation.
According to our thermodynamic criterion for amorphization, eq. The glass transition temperature Tg has been determined for a number of compounds in recent experiments on radiation-induced amorphization. Measurements on CuTi, for example, are shown in Fig. 9 [48] . T, is found ro be -575 K, which is comparable with the temperature at which equilibrium short-range order is achieved during isochronal annealing of irradiated and 
. Conclusion
The present work has shown that the thermodynamics of crystalline-to-amorphous transformations can be formally described by a simple theory of melting based on a generalized version of the Lindemann melting criterion. This criterion assumes that melting of a metastable crystal occurs when the sum of the dynamic and static mean square atomic displacements reaches a critical value identical to that for melting of the perfect crystal. It requires that the melting temperature of a defective crystal must decrease with increasing static atomic disorder and leads to a universal polymorphous melting curve for metastable crystals when the melting temperature is plotted as a function of mean-square static displacement. Within the framework of this more general melting concept, the crystalline-to-amorphous transformation is simply melting of a critically disordered crystal at temperatures where the supercooled liquid exists in a configurationally-frozen state, Le., the glassy state. The real significance of this new conceptual approach to damage processes is that the melting criterion is independent of the physical origin of the static atomic displacement. Thus, the concept of disorder-induced melting should be applicable to local regions of the crystal such as high-angle grain boundaries or the highly-strained crack tip regions of solids where static atomic displacements are concentrated. thermodynamic and mechanical melting. Frenkel pairs per atom (epa or dpa) [15] . The average shear modulus, Gd, has been normalized to the value obtained of the perfect crystal, Go = 0.39 mar. were taken for < R, > and < AR: > . 
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